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Scanning tunneling microscopy (STM) was used to study the (NH&S-passivated (110) cross- 
sectional surfaces of both doped and undoped Al,,G%.,As/GaAs heterostructures on n f-substrates. 
The ex situ (NH&S treatment of the cross-sectional surfaces of heterostructures was found to be 
very stable against oxidation. STM images showed no appreciable deterioration of surface quality 
in vacuum after more than 40 days. The spectroscopic results on the undoped epilayer showed 
diodelike behavior, confirming that an undoped large band gap region can be imaged by STM 
through carrier injection from the conductive regions. 
Recently, there have been intensive activities in applying 
scanning tunneling microscopy and spectroscopy (STM/S) to 
study cross-sectional (X-sectional) surfaces of semicon- 
ductor junctions including homo- and heterojunctions.‘-91’2 
With the unique capability of STM to probe simultaneously 
the structural and electronic properties, successful applica- 
tion of this technique to the X-sectional studies of semicon- 
ductor junctions will have a very important impact. 
There are two necessary steps for the X-sectional 
STM/S: (1) creation of an atomically clean cross-sectional 
surface which exposes the junctions, and (2) precise posi- 
tioning of the tip over the junction region. In the past, the 
precise positioning of the tip over the junction region pre- 
sented a major difficulty since the junction region is on the 
order of 1 pm or smaller, corresponding to O.l%-0.5% of 
the width of the cross-sectional surface. This difficulty was 
first solved by Albrektsen et al.’ with an ultrahigh vacuum 
(UHV) scanning electron microscope (SEM) to help locate 
the tip over the junction region, demonstrating the ability to 
obtain atomic images of AlGaAs/GaAs heterojunctions for 
the first time. Subsequently, many groups reported success in 
X-sectional STM/S of semiconductor junctions by employ- 
ing various forms of edge finding mechanisms2-9 to locate 
the tip over the junction region. Despite the progress, how- 
ever, there still exist major obstacles preventing X-sectional 
STM/S from becoming a widely accessible experimental 
technique. The first obstacle is related to the creation of the 
X-sectional surface. For III-V compound semiconductors, in 
situ cleaving in UHV has been the prime choice in the past 
to create atomically clean X-sectional surfaces. Even so, 
oxygen contamination still presents a problem when the 
sample system involves the AlGaAs compounds.’ Moreover, 
the necessity of creating the X-sectional surface and posi- 
tioning the tip over the junction region in UHV has pre- 
vented X-sectional STM/S from being widely used. The sec- 
ond obstacle is the requirement of high conductivity which 
prevents its application to device structures containing semi- 
insulating or undoped layers. 
cleaving and chemical passivation using sulfide solution. We 
have discovered that such a sulfide-passivated X-sectional 
surface offers many advantages. The first advantage is the 
excellent chemical stability against contamination: Even for 
the AlGaAs compound, the images acquired in UHV after 40 
days do not show any sign of surface deterioration, implying 
that even high vacuum would be a sufficient condition. This 
ex situ method thus provides a very convenient and reliable 
way of preparing X-sectional surfaces for STM/S studies of 
semiconductor heterostructures. In addition, it allows ex 
situ precise positioning of the tip over the junction region 
(although in our studies, the positioning was performed in 
situ), thus potentially making this technique a widely acces- 
sible method. Apart from these technical advantages which 
greatly enhance the accessibility of X-sectional STM/S, we 
have discovered that the sulfide passivation creates a uni- 
formly pinned surface, at least in the GaAs/AlGaAs system, 
which provide certain advantages over the UHV-cleaved sur- 
face in the measurements of tunneling spectra by reducing 
the tip-induced band bending effect. A similar situation has 
been observed by Feenstra et a1.7*8 on a highly stepped sur- 
face whose Fermi level is also strongly pinned. A detailed 
discussion of the spectroscopy results on the passivated sur- 
face is reported elsewhere.’ 
As for the undoped AlGaAs/GaAs multiple quantum 
wells, we have demonstrated for the first time successful 
STM studies in this undoped large band gap system (the 
band gap of AlGaAs in our study is 1.8 eV). We have 
achieved this by designing the device and biasing the sample 
in such a way that free carriers can be injected into the un- 
doped region through the bulk junction. Spectroscopic stud- 
ies in these undoped regions show a diodelike behavior 
consistent with our explanation. We believe these two imple- 
mentations, a reliable chemical method to prepare the 
X-sectional surface and the ability to image in the undoped 
large bandgap regions, will make X-sectional STM/S a 
widely accessible characterization method for III-V hetero- 
structures. 
This letter deals directly with the following two issues of The experiments were performed in a UHV STM system 
X-sectional STM/S: The creation of a X-sectional surface for with a base pressure of 7X10-l’ Torr or less. The 
STM/S studies, and its applicability to heterostructures con- Al,,,Ga,,,As/GaAs heterostructures were grown on (001) 
taining undoped layers. In our studies, X-sectional surfaces substrates (Si doped, 1 X1018 cmP3) using molecular-beam 
of AlGaAslGaAs multiple junctions were created by ex sifu epitaxy (MBE) at 620 “C. Si and Be were used as dopants 
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FIG. 1. A 800 ~b4.500 A STM image of passivated Al,,,&a,,,7As,KkiAs 
heter~junetions. This image was acquired in UIIV with a sample bias of 
-2.35 V and a tumxlinr current of 0.3 n\. Shown in the inset is a STh4 _ 
imnge taken on the same sample surface after -!(I days in UHV. The grey 
scale ranges from 0 h to 9 A. 
and the doping concentration in the doped samples is 2X 10” 
c*ll-.+). For the undoped samples, the background doping con- 
centration is about 3-3 X LO’” cm -.’ (,n -type). The passivation 
procedure u.sed here is the following: First, samples were 
cleaved in air to expose the (110) faces and then dipped into 
a buffered (NH.JzS solution (Fisher Chemical, 21.1%) for 
5-lt1 mins. Following this soak, the (NH,j,S solution was 
diluted thoroughly with de-ionized water before removing 
the samples. After this step, the samples were rinsed in the 
de-ionized mater and blown dry with nitrogen gas. The con- 
ventional etching step used for (001 j wafers (e.g., using 
1: 1:2SO H,SC~3:H202:H20 etchant)‘i’*‘* was skipped since 
wc found a significant increase in surface roughness when 
the surface was treated with this etchant. Also, no major 
difference resulted between cleaving inside the (NHJ2S so- 
lution and cleaving in air. .Aftcr the passivation process, the 
best of a group of cleaved and passktteil samples were im- 
mediately transferred into the UHV chamber through a load- 
lock for STM eupcrimcnts. The tungsten tunneling tips were 
cleaned in sltzr prior to the experiments by the field emis- 
sion method on separate clean Substrates. 
Figure 1 is a SThil image of a doped Rl,,,Ga,,,,As!GaAs 
superlattice acquired with a sample bias of -2.35 V and a 
tunneling current of 0.3 nA. Also shown in the inset of Fig. 1 
is a STha image taken on the same sample surface after 40 
days in the UHV chamber, exemplifying the chemical stabil- 
ity against oxidation. Therefore, the UHV environment may 
not be a necessary conditionI” Nevertheless, the previous 
study by Nmnichi pi al.‘” indkates that the sulfide residue 
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FIG. 2. The growth structure (a) and the corresponding STM image !b) of a 
passivated Al,,,3Ga,7As/GaAs MQW surface (2OOll AX2000 &. The epil- 
ayer is undoped and the substrate is n ” doped (Si, I X 10’” cm- $1. The image 
was acquired in UHV with a sample bias uf 2.65 V and a tunneling current 
of 0.8 nA. The grey scale ranges from (1 A to 7 A. 
left on the sample surfaces sublimates under vacuum. Thus, 
performing STS experiments under vacuum is probably still 
a necessary condition. It should be noted that the ability to 
prcparc the X-sectional surface e.r situ simultaneously al- 
lows cx situ tip positioning over the junction region using a 
simple translation stage: thus significantly enhancing the ca- 
pability of X-sectional STM/S to become a routine charac- 
terization method. 
We next discuss X-sectional STM/S studies of undoped 
AlGaAs/GaAs multiple quantum wells (MQW). Figure 2 
shows a STM image of an undoped AlGaAslGaAs MQW 
obtained with a sample bias of -2.65 V and a tunneling 
current of O.SS nA. In the growth structure of this sample, 
eight MQW regions with 100 A barrier (AlGaAs) widths and 
a total width of 700 A were uniformly distributed within the 
epitaxial layer of 8 pm thickness. For the easy identification 
of the scanned area, each hlQW region was grown with dif- 
ferent numbers of barrier layers. The MQW shown in Fig. 3 
corresponds to the one closest to the middle of the epilaycr. 
Since the undoped epilayer has a very Low unintentional 
n-type concentration of about 2-3 Y. 10’” cm-” and the GaAs 
substrate is n .+-type ( 1 X 10’s crC3), to enable the conduction 
of tunneling current through the epilayer, several n-type 
&loping layers are inserted between neighboring MQW re- 
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FIG. 3. Tunneling I-V spectra taken on the undoped epilayer region (a) and 
the n‘ substrate (b). The 1-V spectra on the undoped epilayer region show 
diodelike behavior (with only one turn-on in the I-V curve). On the other 
hand. the I-V spectra on the n+-substrate have two turn-ons in the Z-V 
curves. 
gions. When the tip is biased positively relative to the sample 
(i.e., sample negatively biased) in the undoped region, a 
positive field builds up in this region with respect to the 
n’-substrate, thus favoring carrier injection into this un- 
doped region due to the forward bias. When the tip bias is 
reversed, the STM images irreversibly deteriorate because of 
the lack of charge carriers due to the reverse bias. Tunneling 
I-V spectra acquired on this undoped region indeed show a 
diodelike behavior [shown in Fig. 3(a)]. On the other hand, 
tunneling I-V spectra acquired on the nf-substrate [Fig. 
3(b)] do not show this behavior. This spectroscopic informa- 
tion is consistent with our interpretation that the ability to 
acquire STM images (with positively biased tip) on undoped 
large band-gap semiconductors is due to the carrier injection 
from the doped regions. 
In summary, we have found a convenient and reliable 
method to prepare X-sectional surfaces ex situ for STM 
studies of semiconductor heterostructures. The capability to 
prepare a cross-sectional surface ex situ and its subsequent 
chemical stability greatly reduce the technical difficulties as- 
sociated with X-sectional STM/S. High quality X-sectional 
STM images can now be routinely obtained. We have also 
demonstrated the ability to perform X-sectional STh4 studies 
in undoped regions containing large band gap materials. 
These two implementations significantly enhance the ability 
of X-sectional STM/S to perform routine characterization of 
semiconductor heterostructures. 
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